Introduction Tinnitus is hypothesized to be an auditory phantom phenomenon resulting from spontaneous neuronal activity somewhere along the auditory pathway. We performed fMRI of the entire auditory pathway, including the inferior colliculus (IC), the medial geniculate body (MGB) and the auditory cortex (AC), in 42 patients with tinnitus and 10 healthy volunteers to assess lateralization of fMRI activation. Methods Subjects were scanned on a 3T MRI scanner. A T2*-weighted EPI silent gap sequence was used during the stimulation paradigm, which consisted of a blocked design of 12 epochs in which music presented binaurally through headphones, which was switched on and off for periods of 50 s. Using SPM2 software, single subject and group statistical parametric maps were calculated. Lateralization of activation was assessed qualitatively and quantitatively. Results Tinnitus was lateralized in 35 patients (83%, 13 right-sided and 22 left-sided). Significant signal change (P corrected <0.05) was found bilaterally in the primary and secondary AC, the IC and the MGB. Signal change was symmetrical in patients with bilateral tinnitus. In patients with lateralized tinnitus, fMRI activation was lateralized towards the side of perceived tinnitus in the primary AC and IC in patients with right-sided tinnitus, and in the MGB in patients with left-sided tinnitus. In healthy volunteers, activation in the primary AC was left-lateralized. Conclusion Our paradigm adequately visualized the auditory pathways in tinnitus patients. In lateralized tinnitus fMRI activation was also lateralized, supporting the hypothesis that tinnitus is an auditory phantom phenomenon.
Introduction
Tinnitus is the perception of sound occurring without an external stimulus. It is a chronic disease with a reported prevalence of 10-15% [1] [2] [3] [4] [5] . The effect of tinnitus on quality of life in patients suffering from this disease should not be underestimated: an estimated 20% of patients indicate that their quality of life is significantly diminished. Many patients experience insomnia and depression, and in 1% of the population tinnitus seriously interferes with their life [4] [5] [6] . Diagnostic and imaging guidelines are aimed at diagnosing causes for which adequate treatment may be available, but failing that, there is no systematic and proven approach for treating tinnitus [3] .
The neural abnormalities underlying tinnitus are largely unknown, despite numerous animal and human studies. In some patients tinnitus can be traced to an internally generated sound (such as vascular structures in pulsatile tinnitus), but in the vast majority no obvious sound source can be established. It has been proposed that tinnitus results from abnormal neuronal activity arising at some point along the auditory pathways which is interpreted as sound at a cortical level [7] [8] [9] . This abnormal neuronal activity is hypothesized to be the neural correlate of tinnitus, which is considered to be an auditory phantom phenomenon, similar to central neuropathic pain, due to neural plasticity in response to total or partial deafferentation somewhere along the auditory tract [7, [10] [11] [12] . Animal and human studies have provided some evidence for this theory [5, 9, 10, [13] [14] [15] [16] [17] [18] [19] . Functional MRI has been applied in a few studies, mainly case studies [20] [21] [22] . The most important fMRI study shows an abnormally low percent signal change in the inferior colliculus (IC) contralateral to the side of the perceived tinnitus [23] . This was a study of 13 subjects, only 4 of whom had lateralized tinnitus, which was rightsided in all of them. Although lateralization of abnormally low signal change was therefore suspected to be related to the side of perceived tinnitus, this could not be proven. Also, since the functional imaging was focused on the IC only, nothing is known about the auditory cortex.
The purpose of our study was to visualize the entire central auditory pathway in patients with lateralized tinnitus and in patients with bilateral tinnitus to evaluate lateralization of fMRI signal change and activation clusters.
Materials and methods

Subjects
Between 16 December 2002 and 29 January 2004, 42 patients with refractory, continuous nonpulsatile tinnitus were referred for imaging and localization of the auditory cortex as part of a preoperative work-up for transcranial magnetic stimulation of the auditory cortex. All patients were scanned as part of a clinical protocol that was approved by the participating centers' medical ethical committees. All patients were classified according to tinnitus sidedness, presence of hearing loss and tinnitus frequencies as established by the referring neurosurgeon. Details of these subgroups are shown in Table 1 . In addition, ten healthy volunteers were scanned using the same imaging protocol.
Paradigm
The fMRI paradigm consisted of a blocked design of 12 epochs of 50 s in which lyrical pop music was binaurally presented through headphones. The music was alternatingly switched on and off for 50 s (i.e. per epoch). The subject was instructed to listen to the music attentively. The headphones were dedicated for use in an MRI scanner, attenuating scanner noise by approximately 30 dB. A test run was performed before the start of the actual paradigm, to make sure that the patient was able to hear the music well despite the background scanner noise.
Scan parameters
All imaging was performed on a 3T MRI scanner (INTERA, Philips Medical Systems, Best, The Netherlands) with a six-channel phased-array dedicated head coil.
For functional imaging, a T2*-weighted gradient echo (GE) echo-planar imaging (EPI) sequence was used with an echo time (TE) and repetition time (TR) of 33 and 5,000 ms a Hearing loss for the ear affected by tinnitus at the tinnitus frequency; in bilateral symmetrical tinnitus, the ear with the greater hearing loss was used for calculation of the average; deafness was defined as a hearing loss of 100 dB. b Tinnitus pitch was assessed by presenting sounds of different frequency and asking the patient to choose the sound that was closest to the perceived tinnitus pitch; in patients with bilateral symmetrical tinnitus, the highest pitch was used for calculation of the average. The functional EPI images were realigned using SPM2's motion correction algorithm and coregistered with the individual's T1-weighted scan [24] . All images were spatially normalized to the Montreal Neurological Institute (MNI) brain template using affine and nonlinear transformation. The normalized EPI images were subsampled to a voxel size of 2×2×2 mm 3 and spatially smoothed with a 3-D gaussian kernel of 6×6×6 mm 3 full-width half-maximum (FWHM) for single subject and group analysis purposes [25] .
First-level single subject analysis consisted of modeling the "on" and "off" conditions using a boxcar function convolved with the hemodynamic response function (HRF) using the general linear model (GLM) [26] . Global changes of the signal were adjusted by applying a high-pass filter of 128s to remove low-frequency drifts. Individual statistical parametric maps were generated, that were then used for a second-level random effects (RFX) group analysis after correction for the number of scanning sessions [27] . For qualitative and quantitative analysis we used a significance threshold of P<0.05 with family-wise error (FWE) correction (P corrected ) that is used to correct for the multiple comparisons that are made when simultaneously testing all of the voxels for activation. We used FWE correction for areas of activation in the primary auditory cortex (A1, Heschl's gyrus) and the secondary auditory cortex (A2, planum polare and planum temporale). For activation in the small subcortical auditory structures (IC and medial geniculate body, MGB), we applied a small volume correction technique (SVC), that only corrects for the multiple comparisons within a specific region of interest. The regions of interest for the IC and the MGB were identified on the mean high-resolution anatomical image and drawn using MarsBar version 0.35 software (Fig. 1 ) [28] . Anatomical labeling of significantly activated clusters was performed using the MNI space utility (http://www.ihb. spb.ru/~pet_lab/MSU/MSUMain.html) [29, 30] .
For qualitative analysis we performed a one-sample t-test for all subjects combined as well as ANOVA to compare the areas of activation in the four different groups of subjects (patients with left-sided, right-sided and symmetrical tinnitus, and healthy volunteers). For quantitative analysis we used the number of activated voxels, with the significance thresholds as mentioned above, and the maximum signal intensity change in the ROIs of the A1 and A2, the IC and the MGB, that were anatomically defined on the mean high-resolution anatomical image. These ROIs were drawn unilaterally and then copied and mirrored to the contralateral side. An activation ratio was then calculated for each ROI, by dividing the number of significantly activated voxels in the ROI on one side by the total number of significantly activated voxels in both ROIs of both sides. Ratios for maximum signal intensity change Fig. 1 Regions of interest (ROIs) that were used for the quantitative analysis of activation in (a) the primary auditory cortex, (b) the secondary auditory cortex, (c) the MGB, and (d) the IC. An activation ratio was calculated for each ROI by dividing the number of significantly activated voxels in the ROI on one side by the total number of significantly activated voxels in both ROIs of both sides. The activation ratio for the left primary auditory cortex, for instance, would be the number of activated voxels in the left primary auditory cortex (leftA1) divided by the total number of activated voxels in the left and in the right primary auditory cortex (leftA1+rightA1): leftA1/(leftA1+rightA1) were calculated similarly. A combination of activation and signal intensity change ratio was calculated by multiplying both ratios. Differences between the left and right side for each ROI were tested for significance (P<0.05) using a paired-samples t-test (Microsoft Excel 2000).
Results
Subjects
The subjects imaged comprised 42 tinnitus patients and 10 healthy volunteers. The mean age of the patients was 48.4 years (range 26-73 years); 52% of the patients were male. Tinnitus was continuously present in all patients. Tinnitus was lateralized in 35 of the 42 patients (83%), being purely left-sided in 18 patients and purely right-sided in 12. In 5 patients the tinnitus was bilateral but lateralized, being stronger on the left than on the right in 4 patients, and stronger on the right than on the left in 1 patient. For the quantitative and qualitative analyses, these patients were classified as having either left-or right-sided tinnitus according to the side that the tinnitus was lateralized to. Seven patients had bilateral symmetrical tinnitus. The patient characteristics are summarized in Table 1 . The average age of the healthy volunteers was 29.6 years (range 21-35 years); 6 (60%) were male. Single subject analysis Significant activation (P corrected <0.05) was found in the A1 and A2 in all but one subject. In this one tinnitus patient very little activation was seen in the left A1 and A2, and no activation was found in the right A1 and A2. In 29 patients (69.0%) and in 9 healthy volunteers (90.0%) significant activation (P corrected <0.05 after SVC) in one of the IC was found; 16 patients (38.1%) and the 9 volunteers showed activation in both IC. Activation (P corrected <0.05 after SVC) in either one of the MGB was seen in 23 patients (54.8%) and in 7 healthy volunteers (70.0%); 13 patients (31.0%) and 6 volunteers (60.0%) showed activation in both the left and the right MGB.
Qualitative random effects group analysis Second-level random effects group analysis of all subjects combined showed significant activation (one sample t-test; P corrected <0.05) bilaterally in the A1 and A2 and the IC (Fig. 2) . After SVC, significant activation at a corrected P value of <0.05 was also observed in the MGB bilaterally. Table 2 . Considering each group of subjects separately (ANOVA) asymmetrical activation was seen in the auditory cortices in the patient groups with lateralized tinnitus, whereas activation was symmetrical in patients with bilateral symmetrical tinnitus and in the healthy volunteers (Fig. 3) . In patients with left-sided tinnitus, activation was less in the right auditory cortex than in the left; in patients with right-sided tinnitus the reverse was seen, with less activation in the left auditory cortex than in the right.
Quantitative group analysis
Activation and maximum signal intensity change ratios were calculated as described in the methods section. The results are summarized in Tables 3 and 4 A significantly lower activation ratio was seen in the left than in the right A1 in patients with right-sided tinnitus (Table 3 ; Fig. 4 ). In patients with left-sided tinnitus, a lower activation ratio was seen in the right than in the left A1, although this difference did not reach statistical significance (P=0.08). When combined with the maximum signal intensity change ratio, this difference was significant (0.29 on the left versus 0.23 on the right; P<0.05). In the MGB a significantly lower activation ratio was seen on the right side in patients with left-sided tinnitus; in patients with right-sided tinnitus the reverse was seen, although this difference in activation ratios again did not reach statistical significance (P=0.08). When combined with the maximum signal intensity change ratio, the significance level did not change (0.18 on the left versus 0.43 on the right; P=0.08). A significantly lower activation ratio was seen in the left than in to the right IC in patients with right-sided tinnitus. This difference in activation ratios between the left and the right IC was not observed in patients with left-sided tinnitus. No differences in activation ratios were seen in the A2 in patients with lateralized tinnitus.
A similar lateralization pattern was seen for the maximum signal intensity change ratios (Table 4 ; Fig. 5 ). In patients with left-lateralized tinnitus, a significantly Table 3 Activation ratios (calculated as described in the Methods section) (and 95% confidence intervals) and P values (paired-samples t-test), in patients with left-sided (n=22), right-sided (n=13) and bilateral symmetrical tinnitus (n=7), and in healthy volunteers (n=10) Table 4 Ratios of maximum signal intensity change (calculated as described in the Methods section) (and 95% confidence intervals) and P values (paired-samples t-test), in patients with left-sided (n=22), right-sided (n=13) and bilateral symmetrical tinnitus (n=7), and in healthy volunteers lower ratio was seen in the right A1 and A2, and in the A1 and A2 combined. In patients with right-sided tinnitus a significantly lower ratio of signal intensity change was seen in the left A1. In the A2, however, the maximum signal intensity change ratio was lower on the right side. In patients with bilateral, symmetrical tinnitus no differences were found in activation or maximum signal intensity change between the left and right A1 and A2, MGB and IC. In the healthy volunteers, the activation and maximum signal intensity change ratios were higher in the left than in the right A1; no differences were observed between the left and right A2, MGB and IC.
Discussion
In this study we successfully visualized fMRI activation in the cortical and subcortical areas of the auditory system of tinnitus patients using a simple blocked paradigm and an easy to use scanning sequence. Functional MRI of the auditory system is particularly challenging due to an interaction between the experimental auditory stimuli and the extremely loud background scanner noise [31] [32] [33] . As well as being very loud (up to 110 dB), the MRI scanner sound is an amplitude-modulated periodic sound with a complex spectrum, that very likely interacts with the experimentally delivered stimuli [34, 35] . Subjects may also be engaged in processes different from simple auditory perception, because they have to extract the stimulus from the background MR-generated noise. Some attenuation (up to 30 dB) of the background scanner noise can be achieved by using special padded headphones, as used in our study, through which the stimuli are delivered. Silent fMRI techniques, such as the BURST sequence, are very effective in reducing acoustic noise [36] , but most tend to be too slow for fMRI studies [37] . Longer noise-free periods-known as sparse temporal sampling-during acquisition are also useful in reducing the amount of scanner-generated noise and have been shown to improve fMRI activation of the auditory system, but the amount of information acquired is usually decreased and acquisition times are long [33, 35, 38] . In our study, we used a "clustered volume acquisition" technique [39] [40] [41] . This method has the advantage of a global increase in efficiency, while retaining sufficient silent gaps during which the subject can clearly perceive the auditory stimulus. In this study, our method allowed the successful detection of fMRI activation in both the cortical and subcortical structures without the need for lengthy acquisition times, which makes it easily applicable in clinical practice.
In healthy volunteers, we found a left-lateralized activation of the A1, and symmetrical activation in the other auditory areas. A leftward lateralization of the A1 in healthy subjects has been described previously, both for linguistic and nonlinguistic stimuli [42, 43] . This is thought to be due to the A1's involvement in language processing, which is also left-lateralized in the majority of people, by screening incoming sounds for speech [44] .
In patients with tinnitus, very different patterns of activation were seen. In patients with lateralized tinnitus, we found a lateralization of activation cluster size and/or in maximum signal intensity change in the A1 and in the MGB towards the side of perceived tinnitus. No differences in activation or signal intensity change between the left and the right side were found in patients with symmetrical tinnitus. This lateralization may be due to an increase in activation on the side of the perceived tinnitus, or a decrease in activation on the side contralateral to the side of perceived tinnitus. The latter interpretation would indicate an increased spontaneous neural activity of the affected brain area, such as has been postulated in patients with tinnitus. Since fMRI activation always represents a difference in neural activity, instead of absolute neural activity, an increase in spontaneous neural activity would mean that the affected brain area during the rest condition is more active than the unaffected side, and that the active condition will only give rise to a limited increase in activity (saturation model) [23] . This results in a lower activity on the affected side, which would be the side contralateral to the side of the perceived tinnitus. An alternative explanation would be that the sound of the tinnitus itself is masking the sound of the stimulus (music), which would also lead to less activity on the affected side than on the unaffected side (physiological masking model) [23] . From earlier PET studies, showing increased metabolic activity in the auditory system of patients with tinnitus on the side contralateral to the side of perceived tinnitus compared with healthy volunteers, the saturation model seems more likely, although the results are not conclusive [9, 17, 18] . Our results suggest that the A1 is affected in patients with tinnitus, with a lower fMRI activity on the side contralateral to the side of perceived tinnitus.
In the A2 no significant differences were found between the left and the right side in patients with lateralized or in patients with symmetrical tinnitus. Maximum signal intensity change, however, was significantly higher on the left side in patients with lateralized tinnitus, independent of the side of the tinnitus. This was also seen in patients with symmetrical tinnitus, although this difference was not statistically significant. The A2 is specialized in high-order processing including internal sound representation. In an earlier PET study, increased metabolic activity was found predominantly in the right hemisphere, irrespective of the side of tinnitus [15] . It was postulated that not only simple auditory processing, but also specific higher order cognitive elaboration may be involved in tinnitus perception. Disabling and distressing tinnitus may be associated with activity in functionally linked cortical areas that are predominantly right-hemispheric, subserving the processing of auditory signals, memory and attention [1, 16, [45] [46] [47] . This would also account for the discrepancy between the severe adverse effect on patients' lives compared to the acoustically relatively weak tinnitus sound (>85% does not exceed 10 dB). If there is indeed a spontaneous hyperactivity associated with emotionally modified sound processing in the right A2, listening to music attentively would lead to limited fMRI activity in the right A2 (as explained by the saturation model). The left-lateralized fMRI activity in the A2 that we found may therefore be the result of a higher state of attention and emotional sound processing in tinnitus patients, irrespective of the tinnitus side. Alternatively, it may be due to a physiological left-lateralized activity in the secondary auditory cortex in response to sound, irrespective of the presence of tinnitus, but since no leftward lateralization in the A2 was seen in healthy volunteers, this seems unlikely.
In agreement with Melcher et al., we found less fMRI activation in the left than in the right IC in patients with right-sided tinnitus, which would support the saturation and physiological masking models [23] . We did not, however, find this lateralization of activity in the IC in patients with left-sided tinnitus, in whom we did find a lateralization of activity in another subcortical auditory structure, the MGB. Since our study population was rather heterogeneous, it is difficult to interpret this lack of lateralization in the IC in patients with left-sided tinnitus.
Unfortunately, not all of our results reached the desirable significance threshold of P<0.05. This is very likely also due to the heterogeneity of our patient group, which forms the main limitation of our study. Our patient group included patients with all degrees of hearing loss, as well as patients with normal hearing. Tinnitus pitch was also varied, as was the quality of tinnitus, including both white noise and purely tonal tinnitus. Unfortunately, our patient population was too small to account for all of these factors by stratifying patients into different subgroups. The main focus of our ongoing research is therefore to expand our study population to be able to account for hearing loss, tinnitus pitch and tinnitus quality, thereby increasing homogeneity of our patient groups and improving the statistical power of our results. Another possible approach to assess brain activity in relation to tinnitus would be to study patients who are able to voluntarily adjust or even provoke tinnitus [21, 22, 48] . In these patients, tinnitus itself could then be used as the stimulus, providing the unique opportunity to directly study tinnitus in relation to brain activity. Unfortunately, these patients are rare, and none of the patients included in our study was suitable for this kind of experiment.
Conclusion
Using a simple fMRI paradigm, we have been able to visualize fMRI activation in both the cortical and the subcortical structures of the auditory pathway, which makes fMRI of the auditory system available for clinical practice. We have demonstrated (near-)significant lateralization of activity in the A1 and in the MGB in patients with lateralized tinnitus, supporting the hypothesis that tinnitus may be considered a phantom auditory sensation with an abnormal neuronal activity. Not only do our results contribute to an increased insight in the neuropathophysiology of tinnitus, but our findings may also be used as a means of objectifying tinnitus in, for instance, animal studies.
